Cancer stem cells that display tumor-initiating properties have recently been identified in several distinct types of malignancies, holding promise for more effective therapeutic strategies. However, evidence of such cells in sarcomas, which include some of the most aggressive and therapy-resistant tumors, has not been shown to date. Here, we identify and characterize cancer stem cells in Ewing's sarcoma family tumors (ESFT), a highly aggressive pediatric malignancy believed to be of mesenchymal stem cell (MSC) origin. Using magnetic bead cell separation of primary ESFT, we have isolated a subpopulation of CD133+ tumor cells that display the capacity to initiate and sustain tumor growth through serial transplantation in nonobese diabetic/severe combined immunodeficiency mice, re-establishing at each in vivo passage the parental tumor phenotype and hierarchical cell organization. Consistent with the plasticity of MSCs, in vitro differentiation assays showed that the CD133+ cell population retained the ability to differentiate along adipogenic, osteogenic, and chondrogenic lineages. Quantitative real-time PCR analysis of genes implicated in stem cell maintenance revealed that CD133+ ESFT cells express significantly higher levels of OCT4 and NANOG than their CD133À counterparts. Taken together, our observations provide the first identification of ESFT cancer stem cells and demonstration of their MSC properties, a critical step towards a better biological understanding and rational therapeutic targeting of these tumors.
Introduction
Ewing's sarcoma family tumors (ESFT) are the second most frequent malignant bone tumors in adolescents and young adults. Despite current multimodal therapy, they are associated with poor prognosis, with a survival rate of <50% at 5 years and <25% when metastasis has occurred. ESFTs typically harbor a specific chromosomal translocation that results in the fusion of the 5 ¶ portion of the EWS gene to the 3 ¶ portion of one of at least five genes that encode ETS family transcription factors, including FLI1, ERG, ETV1, ETV4, and FEV (1, 2) . In 85% of cases, ESFT are associated with the t(11;22)(q24;q12) translocation (1) , which generates the EWS-FLI-1 fusion gene believed to play a central role in ESFT pathogenesis. Recent evidence suggests that ESFT arise from EWS-FLI-1-transformed mesenchymal stem cells (MSC; refs. [3] [4] [5] but most of our current understanding of ESFT biology is still based on studies using established cell lines, which may only partially reflect the cellular hierarchy that governs primary tumor growth and differentiation.
The cancer stem cell (CSC) hypothesis holds that cells composing a tumor are hierarchically organized with respect to their potential to initiate and sustain tumor growth (6) . Only a rare subset of tumor cells, defined as CSCs, have the capacity to form tumors in serial xenotransplantation assays, and the ability to reestablish, at each in vivo passage, the hierarchical cell organization and heterogeneity of the parental tumor. Recently, CSC have been identified in leukemias (7) , gliomas (8, 9) , melanomas (10) , and different types of carcinomas (11) (12) (13) , providing a biological basis for the design of rational targeted therapy. Here, using primary, surgically removed tumor samples, we identify for the first time a population of ESFT cells expressing CD133 that fulfil the in vivo criteria of CSC and display in vitro MSC's plasticity.
Materials and Methods
Fresh tumor dissociation, magnetic cell sorting, and fluorescenceactivated cell sorting analysis. Tumor samples of ESFTs from three patients undergoing surgical biopsies were obtained directly after surgical removal in accordance with local legislation. Tumor samples were mechanically dissociated, digested in collagenase II/IV (Sigma), and incubated in a shaking water bath for 2 h at 37jC. Preseparation filters (Miltenyi) were used to remove clumps and erythrolysis was performed in hypotonic solution (0.2% NaCl, followed by 1.2% NaCl to stop lysis). Cell viability was assessed by trypan blue staining, and whenever viability was <90%, samples were purified with the dead cell removal kit (Miltenyi). Single cell suspensions were then incubated with CD133 microbeads (Miltenyi) and separated using an autoMACS device (Miltenyi), according to the manufacturer's instructions. Prior to and following separation, samples were analyzed by fluorescence-activated cell sorting (FACS) using CD133/2 phycoerythrin (293C3, 1/10) antibody (Miltenyi) and isotype control mouse IgG 2b phycoerythrin (1/10; Miltenyi) in a FACScalibur apparatus (Becton Dickinson).
Nonobese diabetic/severe combined immunodeficiency xenotransplantation. Twenty-four hours prior to transplantation, 8-to 10-week-old nonobese diabetic (NOD)/severe combined immunodeficiency (SCID) mice were sublethally irradiated (3.4 Gy). Tumor samples were xenotransplanted into the subcapsular compartment of the left kidney of anaesthetized NOD/SCID mice using a 1:1 mixture with Matrigel (BD Bioscience). Prior to xenotransplantation, the viability of the samples was verified by a trypan blue exclusion assay. For small numbers of injected cells, >75% viability was needed for tumors to develop. Experimental procedures involving mice were approved by the Etat de Vaud, Service Vétérinaire, authorization no. VD1477.2.
Cell culture and differentiation. Freshly dissociated tumor samples were cultivated as spheres in DMEM-F12 (Life Technologies), supplemented with 20% knockout serum replacement (Life Technologies 10828), 10 ng/mL of recombinant human epidermal growth factor (Invitrogen), 10 ng/mL of recombinant human basic fibroblast growth factor (Invitrogen), and 1% penicillin/streptomycin (Life Technologies). For differentiation assays, grown spheres were expanded as adherent cultures in MSC medium for 1 week [IMDM (Life Technologies), 10% FCS and 10 ng/AL platelet-derived growth factor BB (PeProtechEC)] and then tested for multilineage differentiation as previously described (14) . Briefly, for chondrogenic differentiation, 300,000 cells were centrifuged in a 15 2-phosphate (Sigma A8960). Cells were maintained in differentiation medium for 10 to 14 days, with fresh medium replacement twice per week. Clonogenic assay. For clonogenic assays, three bulk tumor samples were disaggregated and the resulting cells were sorted for CD133 expression using CD133 microbeads (Miltenyi) and an autoMACS device (Miltenyi). To further improve the purity of the CD133À fraction, a second sorting step was performed, adding fresh CD133 microbeads to the CD133À cell fraction and running a depletion program on the autoMACS. The initial CD133+ and ESFT 1 50,000 4/6 6/6 0/6 6/6 0/6 6/6 0/6 10,000 0/6 6/6 0/6 4/6 0/6 6/6 0/6 2,500 0/6 3/6 0/6 2/6 0/6 3/6 0/6 500 0/6 0/6 0/6 0/6 0/6 0/6 0/6 ESFT 2 50,000 2/6 6/6 0/6 6/6 0/6 6/6 0/6 10,000 0/6 5/6 0/6 6/6 0/6 5/6 0/6 2,500 0/6 1/6 0/6 4/6 0/6 2/6 0/6 500 0/6 0/6 0/6 0/6 0/6 0/6 0/6 ESFT 3 50,000 3/6 6/6 0/6 6/6 0/6 6/6 0/6 10,000 0/6 5/6 0/6 5/6 0/6 6/6 0/6 2,500 0/6 2/6 0/6 2/6 0/6 3/6 0/6 500 0/6 0/6 0/6 0/6 0/6 0/6 0/6 NOTE: In vivo tumorigenicity experiments were performed using CD133+ and CD133À cells derived from three different ESFT samples. For each tumor sample, six sublethally irradiated NOD/SCID mice were injected with CD133+ or CD133À cells in decreasing numbers. Tumors were observed to arise exclusively from the CD133+ fractions and were subsequently used for serial transplantation of the corresponding CD133+ and CD133À purified fractions. The table shows the number of tumor-bearing mice 12 wk following injection of CD133+ and CD133À cells, for each injected cell number and transplantation passage.
the depleted CD133À fractions were plated as single cells in 10 Â 96-well plates and cultivated for 30 days in sphere medium with fresh medium added weekly to renew the growth factor supply. Immunohistochemistry. Frozen primary Ewing's sarcoma samples were incubated with CD133/2 antibody (Miltenyi, clone 293C3) at a 1:50 dilution, overnight. Paraffin-embedded sections of primary Ewing's sarcoma, and serial mouse transplants were incubated with anti-human CD99 (Serotech clone O13), anti-human Ki67 (DAKO M7240), anti-human Fli-1 (BD PharMingen, 554266), anti-mouse CD31 (NeoMarkers), and anti-human CD31 (DAKO) antibodies. Horseradish peroxidase staining was performed using biotin-conjugated horse anti-mouse or goat anti-rabbit immunoglobulins (Vector Laboratories) and revealed with a DAKO 3,3 ¶-diaminobenzidine kit (DAKO). For cell culture staining, cells were fixed for 20 min at room temperature with 4% paraformaldehyde and then subjected to Oil-Red-O and Von Kossa staining according to standard protocols. Pellets of ESFT cancer stem cells (ET-CSC) that had differentiated along the chondrogenic lineage were frozen in optimal cutting temperature compound (Tissue-Tek), cut into 5-Am-thick sections and stained with anti-collagen type II antibody (clone II-II6B3 mouse IgG 1 , 1:2 dilution; Developmental Studies Hybridoma Bank, University of Iowa, IO) as described (14) .
Real-time quantitative reverse transcription-PCR. cDNA was obtained using Moloney murine leukemia virus reverse transcriptase and RNase H minus (Promega). Typically, 250 ng of template total RNA and 250 ng of random hexamers were used per reaction. Real-time PCR amplification was performed using a TaqMan Universal PCR mastermix and Assays-On-Demand gene expression products or Power SYBR mix and specific PCR primers in an ABI Prism 7900 instrument (Applied Biosystems). Relative quantification of each target, normalized to an endogenous control (cyclophyllin A), was performed using a comparative Ct method (Applied Biosystems). Probes used included human POU5F1 (Hs 01895061_u1), NANOG (Hs02387400_g1), SOX2 (Hs00602736_s1), and MYC (Hs00153408_m1; Assays-On-Demand gene expression; Applied Biosystems). SYBR Green gene expression analysis for EWS-FLI-1 was achieved using published primer sequences (15) .
Results and Discussion
To assess the presence of putative ET-CSC, surgical samples of ESFT, freshly removed from three patients (Supplemental Data 1A), were subjected to mechanical and enzymatic disaggregation. The resulting cell suspensions were tested for the presence of cells expressing CD133, a phylogenetically conserved cell surface molecule that has been associated with CSCs in glioblastomas (8), colon (13) , and pancreatic (12) carcinomas. FACS analysis revealed that 4% to 8% of bulk ESFT cell populations expressed CD133 ( Fig. 1A ; Supplemental Data 1A). Immunohistochemical analysis of additional frozen tumor samples confirmed the presence of rare CD133+ tumor cells in five of five samples tested ( Fig. 1B; Supplemental Data 1A ). CD133+ and CD133À populations were therefore purified using CD133 magnetic bead cell sorting and their respective in vivo tumor-initiating potential was tested by injecting both cellular fractions in replicate serial dilutions into the subcapsular renal compartment of sublethally irradiated NOD/ SCID mice. Examination of the kidneys 12 to 16 weeks following injection revealed that as few as 2,500 CD133+ cells were sufficient to initiate tumor formation in a fraction of injected mice, and that 10,000 CD133+ cells formed tumors in nearly all injected animals ( Table 1) . Injection of 50,000 CD133+ resulted in massive tumor formation in all animals ( Fig. 2A) . By contrast, injection of 50,000 CD133À cells failed to display any tumor-forming capacity in vivo (zero of six mice developed tumors with 2,500, 10,000, or 50,000 injected CD133À cells; Table 1 ; Fig. 2B ). To determine whether CD133À cells were still detectable at the injection sites, we performed immunohistochemical analysis on paraffin-embedded sections of kidneys that had been injected with 50,000 CD133À cells using an anti-human anti-CD99 antibody (CD99 being among the most reliable cell surface markers of ESFT). Small clusters of viable CD99+ cells were detected under the renal capsule, indicating that despite being able to engraft, these cells could not initiate tumor growth in NOD/SCID mice (Fig. 2B) as late as 4 months after injection.
To provide further evidence that the highly tumorigenic CD133+ fraction represents a CSC population, we performed serial transplantation assays of CD133+ and CD133À cells derived from primary xenografts, selecting one tumor from each patient (ESFT 1-3) for further transplantation into six recipient mice. Consistent with in vivo self-renewal properties ascribed to CSC, the CD133+ population displayed an unaltered ability to generate tumors in secondary and tertiary xenotransplantations (Table 1) , whereas CD133À cells failed to form tumors (zero of six mice injected with 2,500, 10,000, and 50,000 CD133À cells in secondary and tertiary transplants). FACS analysis revealed that the percentage of CD133+ cells in all of the CD133+ cell-derived tumors, irrespective of passage number, was almost identical to that in the original tumor samples ( Fig. 3A; data not shown), demonstrating that CD133+ ESFT cells have the ability to give rise to both CD133+ and CD133À cells, consistent with CSC properties. Histologic and immunohistochemical analysis showed that primary and secondary xenografts retained the phenotypic features of the parental tumors, characterized by sheets of CD99+ and FLI-1+ small round cells with scant stroma, and a comparable proliferation rate, as assessed by MIB-1 staining (Fig. 3B) .
Because stromal cells play an important role in supporting and promoting tumor growth, an obvious concern related to the approach used to identify putative CSC from primary tumor samples was the potential contribution to tumorigenesis by stromal elements present in the purified cell fractions. Endothelial cell precursors are typically CD133+ and may copurify with the CD133+ tumor cell fraction, possibly contributing to its ability to initiate tumor growth. We therefore assessed the origin of the endothelium in primary and secondary tumor transplants by immunohistochemistry using an anti-human CD31 antibody that does not cross-react with the corresponding mouse epitope. The vascular beds formed in all xenotransplants were composed exclusively of murine endothelial cells (Fig. 3B, bottom) , indicating that human endothelial cell contamination could not explain the observed differences between CD133+ and CD133À tumor initiation potential in serial xenografts. An additional concern was that the CD133À cancer cell fraction may be diluted by CD133À stromal elements. Hence, we assessed EWS-FLI-1 expression by quantitative real-time PCR in CD133+ and CD133À cell fractions, given that EWS-FLI-1 is a marker of malignant cells only. The expression levels of EWS-FLI-1 and of a selection of its established target genes (3, (16) (17) (18) (19) (20) were almost identical in the two cell fractions, irrespective of the passage number (Fig. 4C, right ; Supplemental Data 1B), confirming that they contain a similar proportion of cancer cells.
Together, these observations provide experimental support to the notion that ESFT development does not occur according to the Figure 3 . Tumor xenografts generated by serial injection of CD133+ cells display a similar CD133+ fraction and an identical histologic phenotype to those of the parental tumor. A, CD133 phycoerythrin FACS analysis of a single cell suspension derived from a parental ESFT (left), and the corresponding first and second passage CD133+ cell-derived tumor xenografts (middle and right , respectively), showing the preservation of a similar CD133+ population in all analyzed tumors. Experiments were performed at 12 wk after the injection of 50,000 CD133+ cells into the subcapsular renal compartment of NOD/SCID mice. B, histologic and immunohistochemical assessment of the same tumors as in A, showing that the serial xenografts share an identical small round cell morphology, a comparable staining pattern for the ESFTs markers CD99 and FLI-1, and a similar proliferation rate, as assessed by the MIB1 staining, with the parental tumor. Bottom, anti-human and anti-mouse CD31 staining, showing the exclusive mouse origin of endothelial cells in the serial xenotransplants (insets ), in contrast to their human origin in the parental tumor. Magnification, Â100. stochastic cancer model, in which each cancer cell has an equal tumor-initiating potential, but rather follows the CSC model, in which tumor initiation and sustained growth are governed by a defined tumor cell hierarchy.
Although no in vitro test is specific for CSC, some growth properties, such as spheroid formation in culture seems to be a potential CSC feature (21, 22) . We therefore tested the ability of freshly isolated CD133+ and CD133À cells to form spheres in serum-free culture conditions. Because of the high sensitivity of this assay to potential CD133+ contaminant cells in the negative fraction, we performed a second round of depletion on the CD133À fraction (see Materials and Methods for details). Purified single cell suspensions were seeded in triplicate onto 960 wells and cellular spheres were scored 30 days later. The CD133+ fraction was found to display spherogenic capacity in serum-free conditions, whereas no sphere formation was observed in the CD133À fraction (Fig. 4A,  left) . Similarly, the shorter-term in vitro growth curve of CD133+ and CD133À cells in serum-free conditions showed a higher proliferation rate of CD133+ cells (Supplemental Data 1C). We then tested CD133+ derived spheres by FACS analysis to determine the percentage of CD133+ cells present and found it to be similar to that in the parental tumors and xenografts (Fig. 4A, right) . Serum-free-grown cellular spheroids thus allow in vitro propagation of ET-CSC.
If ESFT arise as a result of transformation of stem or progenitor cells, they may be expected to conserve some of the properties of their cell of origin. Recent work from our own (3, 4) , as well as other laboratories (5), has raised the possibility that ESFTs originate from primary MSCs. We therefore addressed the possibility that ET-CSC might conserve some degree of MSC plasticity by assessing their capacity to differentiate into three major mesenchymal lineages, i.e., adipocytes, osteocytes, and chondrocytes. CD133 positive-derived spheres were briefly expanded in MSC medium, and subsequently cultured under the appropriate differentiation or control conditions, according to a protocol previously used to induce differentiation of primary MSCs (14) . Surprisingly, ET-CSCs were observed to differentiate along all three lineages, as illustrated by Oil-Red-O (adipogenesis), Von Kossa (osteogenesis), and anti-collagen II antibody (chondrogenesis) staining (Fig. 4B) . Thus, unlike ESFT cell lines that require silencing of EWS-FLI-1 to partially differentiate into mesenchymal lineages (5), primary ET-CSC retain a marked tri-lineage MSC plasticity in spite of EWS-FLI-1 expression (Fig. 4B, bottom) . These observations are consistent with our recent data showing that introduction of the EWS-FLI-1 fusion gene into primary MSCs does not alter their plasticity (4) . Similar to leukemias and glioblastomas (22) , sarcoma-initiating cells may therefore conserve the properties of their physiologic precursors.
The capacity for self-renewal and the maintenance of MSC plasticity would predict that CD133+ cells express genes implicated in stem cell maintenance. We therefore assessed, by quantitative real-time PCR, the expression of genes that play a prominent role in stem cell maintenance and nuclear reprogramming, including MYC, SOX2, OCT4, and NANOG (23) (24) (25) , in the CD133+ and CD133À cell populations. OCT4 and NANOG expression levels were consistently and significantly higher in the CD133+ fraction from all of the samples and cell isolates tested ( Fig. 4C, left; data not shown). By contrast, MYC and SOX2, both of which are EWS-FLI-1 target genes (4), were comparably expressed in the two populations (data not shown), consistent with the equal expression level of the EWS-FLI-1 fusion gene (ref. 15 ; Fig. 4C, right) . Importantly, differences in OCT4 and NANOG expression levels between primary CD133+ and CD133À cancer cell populations support the notion that the observed cellular hierarchy is based on intrinsic cellular properties and is not merely a reflection of the xenograft model used.
Isolation of a CD133+ cancer cell subpopulation in ESFT that displays tumor-initiating and in vivo self-renewing properties provides new insight into the biology of these tumors and constitutes the first identification of CSCs in a human sarcoma. The differentiation potential of ET-CSC strongly suggests that they represent transformed MSCs, further supporting an MSC origin for ESFT. Finally, due to their ability to reconstitute the original tumor phenotype and cellular hierarchy, ET-CSC represents the driving force that sustains tumor growth, and may therefore provide a valuable target for the design of therapeutic strategies aimed toward improving ESFT prognosis.
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